Introduction {#s01}
============

Phosphoinositides (PtdIns) are lipids composed by a membrane-associated diacylglycerol backbone linked to a cytoplasmic inositol ring. PtdIns regulate a number of cellular processes including cell growth, survival, intracellular trafficking, and cell morphogenesis ([@bib2]; [@bib9]). There are seven different PtdIns obtained by phosphorylation of the third and/or fourth and/or fifth position of the inositol ring ([Fig. 1 A](#fig1){ref-type="fig"}). More than 100 kinases, phosphatases, and phospholipases control the levels of PtdIns directly on membranes ([@bib23]; [@bib2]). However, how these enzymes collaborate to control homeostasis of the different pools of PtdIns is poorly understood.

![**PTEN overexpression prevents cytokinesis and PtdIns(4,5)P~2~ homeostasis defects in dOCRL-depleted cells. (A)** A schematic depicting the PtdIns pathway. **(B)** S2 cells were treated or not with dOCRL dsRNA, transfected after 4 d, and labeled for F-actin (red) and DNA (blue) after 2 d of expression of the indicated constructs. Asterisks show multinucleated cells. **(C)** Percentage of multinucleated S2 cells following the different indicated treatments; blue dots show individual independent experiments with ≥300 cells/experiment (bars represent mean and SD). P values were calculated using one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. **(D)** Tubby-GFP S2 cells were treated or not with dOCRL dsRNA. After 4 d of dsRNA treatment, cells were transfected with PTEN~C132S~-mCherry (red). After two more days, cells were labeled for DNA (blue) and Tubby-GFP (anti-GFP antibody, green). **(E)** The ratio of Tubby-GFP fluorescence associated with endomembranes to that associated with the plasma membrane. P values were calculated using Kruskal--Wallis test and Dunn's multiple comparisons test. *n* = 1, total number of cells \>40. Dots represent the ratio for a single cell; bars represent mean and SD. Bars, 10 µm. \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001. ns, not significant.](JCB_201805155_Fig1){#fig1}

Dysregulation of PtdIns abundance or distribution leads to numerous pathologies including cancer and genetic diseases ([@bib45]). For instance, mutation of the inositol polyphosphate-5-phosphatase OCRL1 causes the oculocerebrorenal Lowe syndrome and Dent-2 disease, two rare multisystemic orphan diseases ([@bib35]; [@bib31]; [@bib16]). Patients suffering from these diseases present with neurological defects, congenital cataracts, weak muscle tone, and life-threatening kidney abnormalities and have a reduced life expectancy. There is no cure for these diseases, and the therapeutic treatments only alleviate some symptoms.

We and others have previously reported that depletion of OCRL1 or depletion of dOCRL, its *Drosophila melanogaster* orthologue, causes several characteristic phenotypes: abnormal accumulation of PtdIns(4,5)P~2~ on endosomes, disorganization of the endocytic compartments, and cytokinetic defects ([@bib44]; [@bib11]; [@bib18]; [@bib3], [@bib4]; [@bib13]; [@bib46]; [@bib33]; [@bib10]; [@bib14]; [@bib15]; [@bib8]). In control dividing cells, PtdIns(4,5)P~2~ concentrates at the cortical equator ([@bib17]; [@bib20]; [@bib39]) and recruits the cytokinetic machinery that allows subsequent cytokinesis ([@bib3]; [@bib28]; [@bib9]). We found that by dephosphorylating PtdIns(4,5)P~2~ into PtdIns(4)P, both OCRL1 and dOCRL play important roles during cell division in human and *Drosophila* cells, respectively. As observed for OCRL1 in human cells, we previously reported that dOCRL localizes on endosomes, where it reduces the levels of PtdIns(4,5)P~2~ ([@bib3]). We also showed that dOCRL double stranded RNA (dsRNA) depletion promotes accumulation of PtdIns(4,5)P~2~ on endosomes in interphase and triggers the appearance of aberrant enlarged endosomal compartments. In anaphase, this abnormal intracellular accumulation of PtdIns(4,5)P~2~ recruits the cytokinetic machinery at the expense of the equatorial plasma membrane. As a result, furrowing and cytokinesis are defective, and cells present a high rate of multinucleation ([@bib3]). Thus, the cytokinetic defects observed upon dOCRL depletion are a secondary consequence of the dysregulation of PtdIns(4,5)P~2~ levels on endosomes. In human cells depleted for OCRL1, or in Lowe syndrome patient cells harboring a mutation of the OCRL gene, PtdIns(4,5)P~2~ accumulation on endosomes is less pronounced ([@bib46]; [@bib33]; [@bib10]), and multinucleation is barely observed ([@bib13]). Nevertheless, we showed that at the end of cytokinesis, OCRL1 plays a role in removing PtdIns(4,5)P~2~ at the plasma membrane of the intercellular bridge, which allows proper abscission of the two daughter cells ([@bib13]). In OCRL1-depleted cells and in renal Lowe patient cells, we found an important delay in the duration of abscission. In addition, using a zebrafish model of Lowe syndrome, we reported that OCRL1 inactivation triggers endocytic defects in the pronephric tubule ([@bib34]). This phenotype is reminiscent of the renal tubulopathy observed in patients with Lowe syndrome ([@bib6]).

The objective of this study was to test if the tumor suppressor PTEN was involved in the production of PtdIns(4,5)P~2~ on endosomes of dOCRL-depleted cells. Indeed, PTEN was reported to function on endosomes ([@bib32]; [@bib40]), and we found that this phosphatase was among the two main enzymes producing PtdIns(4,5)P~2~ at the plasma membrane of *Drosophila* S2 cells ([@bib39]). Unexpectedly, we discover here that PTEN specifically reduces levels of PtdIns(4,5)P~2~ on endosomes. Moreover, overexpression of an enzymatic dead mutant of PTEN rescues dOCRL depletion. We further show that this new function of PTEN depends on the PLC, dPLCXD. In an attempt to stimulate this new PTEN/PLCXD pathway to rescue dOCRL depletion, we used *m*-3M3FBS, a small molecule that directly activates PLCs ([@bib1]). Treatment of *Drosophila* cells with *m*-3M3FBS corrects the cytokinetic defects observed upon dOCRL depletion, dependently of dPLCXD but independently of PTEN. Finally, to assess if the chemical activation of PLCs could be used as a new therapeutic strategy to treat Lowe syndrome, we tested *m*-3M3FBS in two other models of Lowe syndrome. *m*-3M3FBS rescues the cytokinetic defects in renal cells from Lowe syndrome patient. We finally show that *m*-3M3FBS rescues OCRL1 depletion in vivo*,* by restoring endocytosis in the pronephric tubule of a Lowe syndrome zebrafish model.

Results {#s02}
=======

PTEN prevents the effects of dOCRL depletion independently of its phosphatase activity {#s03}
--------------------------------------------------------------------------------------

PtdIns(4,5)P~2~ is mainly restricted to the plasma membrane, where it controls several important functions ([@bib26]). PtdIns(4,5)P~2~ is also present on other compartments such as endosomes and lysosomes ([@bib46]; [@bib14]; [@bib49]). We wanted to assess if PTEN was responsible for the high PtdIns(4,5)P~2~ levels on the enlarged endosomes observed upon dOCRL depletion ([Fig. 1 A](#fig1){ref-type="fig"}). Even though PTEN depletion alone did not affect cytokinesis (Fig. S1 A), we observed a strong reduction of multinucleated cells when PTEN was overexpressed in dOCRL-depleted cells ([Fig. 1, B and C](#fig1){ref-type="fig"}). This rescue of multinucleation was totally unexpected. Indeed, we initially hypothesized that, by producing PtdIns(4,5)P~2~ on endomembranes, PTEN overexpression would further increase PtdIns(4,5)P~2~ endosomal levels in dOCRL-depleted cells. As a direct consequence, this increase of endosomal PtdIns(4,5)P~2~ would trigger a higher rate of cytokinesis failure. To assess if the reduction of multinucleation was not caused by an unanticipated consequence of increasing PtdIns(4,5)P~2~ on endomembranes, we modulated the expression of the PtdIns4P kinase Skittles. We previously showed that this kinase was the main enzyme that produces PtdIns(4,5)P~2~ in S2 cells ([@bib39]). In addition to the plasma membrane, a GFP version of Skittles localized on endomembranes of control and dOCRL-depleted cells (Fig. S1, B and C). In agreement with our initial hypothesis, we found that while Skittles overexpression did not affect cytokinesis in control cells (Fig. S1 C), it further increased the extent of multinucleation in dOCRL-depleted cells ([Fig. 1 C](#fig1){ref-type="fig"} and Fig. S1 D). Conversely, we found that Skittles depletion rescued cytokinesis failure caused by dOCRL depletion (Fig. S1 E). Thus, we reasoned that PTEN may rescue multinucleation by a still unidentified function that would direct reduction of endosomal PtdIns(4,5)P~2~ levels. We first wondered if PTEN requires its phosphatase activity to reduce the levels of multinucleation in dOCRL-depleted cells. We found that expression of PTEN~C132S~, a phosphatase dead mutant ([@bib29]), significantly reduced multinucleation levels in dOCRL-depleted cells ([Fig. 1, B and C](#fig1){ref-type="fig"}).

We next tested if PTEN~C132S~ prevented multinucleation by restoring normal PtdIns(4,5)P~2~ localization. We measured PtdIns(4,5)P~2~ changes by quantitative microscopy using a PtdIns(4,5)P~2~ reporter S2 cell line that we characterized previously ([@bib3]). This cell line stably expresses low levels of Tubby-GFP, a specific biosensor of PtdIns(4,5)P2 ([@bib36]). We already reported that Tubby-GFP faithfully probes alterations of PtdIns(4,5)P~2~ localization between the endomembranes and the plasma membrane ([@bib3]). Using these cells, we quantified what we thereafter refer to as the PtdIns(4,5)P~2~ homeostasis ratio by calculating the proportion of Tubby-GFP on endomembranes over the plasma membrane ([@bib43]; [@bib3]). This ratio is higher in dOCRL-depleted cells than in controls, reflecting the increase of PtdIns(4,5)P~2~ on endosomes ([Fig. 1, D and E](#fig1){ref-type="fig"}). We found that in dOCRL-depleted cells, overexpression of PTEN~C132S~ restored the PtdIns(4,5)P~2~ homeostasis ratio to levels comparable to control cells ([Fig. 1, D and E](#fig1){ref-type="fig"}). This suggests that PTEN can lower levels of PtdIns(4,5)P~2~ on endosomes in dOCRL-depleted cells independently of its phosphatase activity.

The PBD and C2 domains of PTEN (PTEN~PBD-C2~) are necessary and sufficient to prevent the effects of dOCRL depletion {#s04}
--------------------------------------------------------------------------------------------------------------------

To better understand how PTEN overexpression rescues dOCRL loss, we performed a structure-function analysis. PTEN comprises five conserved domains ([@bib48]; [Fig. 2 A](#fig2){ref-type="fig"}), an N-terminal PtdIns binding domain (PBD) that binds to PtdIns(4,5)P~2~, a catalytic domain, a C2 domain known to promote binding to various lipids and proteins, an autoinhibitory C-tail domain, and a C-terminal PDZ binding motif mediating protein--protein interaction. We individually deleted PTEN-PBD, -catalytic, -C2, and --C-tail/PDZ domains and measured the ability of each mutant to prevent cytokinesis failure upon dOCRL depletion. We first observed that the catalytic domain of PTEN was dispensable for rescue of cytokinesis failure in dOCRL-depleted cells, confirming that PTEN functions in this context independently of its phosphatase activity ([Fig. 2 B](#fig2){ref-type="fig"} and Fig. S2 A). All constructs were expressed at comparable levels, but only the mutants missing the PBD or the C2 domains did not rescue the cytokinetic defects seen upon dOCRL depletion ([Fig. 2 B](#fig2){ref-type="fig"} and Fig. S2 B). This demonstrates that these domains are both necessary to rescue the phenotypes caused by dOCRL loss. We then tested if they were sufficient by constructing a chimera between the PTEN~PBD-C2~. Expression of PTEN~PBD-C2~ prevented cytokinesis failure in dOCRL-depleted cells, while expression of the PBD or the C2 domain of PTEN alone did not ([Fig. 2, B and C](#fig2){ref-type="fig"}). In agreement with a role of PTEN in reducing PtdIns(4,5)P~2~ levels on endomembranes, the expression of PTEN~PBD-C2~ was also sufficient to rescue a normal PtdIns(4,5)P~2~ homeostasis ratio in dOCRL-depleted cells ([Fig. 2 D](#fig2){ref-type="fig"}).

![**The PTEN~PBD-C2~ are necessary and sufficient to prevent the effects of dOCRL depletion. (A)** A schematic depicting PTEN constructs. **(B)** Percentage of multinucleated S2 cells following the different indicated treatments; blue dots show individual independent experiment with ≥300 cells/experiment (bars represent mean and SD). Multinucleation levels of control and dOCRL-depleted cells were already shown in [Fig. 1 B](#fig1){ref-type="fig"}. P values were calculated using one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. ns, not significant. **(C)** dOCRL dsRNA-depleted S2 cells were transfected after 4 d of dsRNA treatment and labeled for F-actin (red) and DNA (blue) after 2 d of expression of the indicated constructs. Asterisks show multinucleated cells. **(D)** The ratio of Tubby-GFP fluorescence associated with endomembranes to that associated with the plasma membrane. P values were calculated using Kruskal--Wallis test and Dunn's mulitiple comparisons test. *n* = 1, total number of cells \>40. Dots represent the ratio for a single cell; bars represent mean and SD. Bars, 10 µm. \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001. ns, not significant.](JCB_201805155_Fig2){#fig2}

PTEN controls PtdIns(4,5)P~2~ levels on endosomes {#s05}
-------------------------------------------------

Remarkably, when expressed in a control background, we observed that PTEN~PBD-C2~ reduces the PtdIns(4,5)P~2~ homeostasis ratio ([Fig. 2 E](#fig2){ref-type="fig"}), suggesting that it promotes a decrease of PtdIns(4,5)P~2~ levels on endomembranes independently of dOCRL status. This suggests a broad role of PTEN in modulating PtdIns(4,5)P~2~ levels on endomembranes. To test this, we first aimed to assess PTEN localization in *Drosophila* S2 cells. In human cells, PTEN was reported to localize to endosomes and to bind to Rab7, a marker of late endosomes ([@bib32]; [@bib40]). We probed PTEN localization in S2 cells using PTEN~C132S~ or PTEN~PBD-C2~ to minimize possible perturbation of PtdIns composition and identity of the endosomal compartments by activity of PTEN, which dephosphorylates PtdIns(3,4,5)P~3~. In accordance with a role for PTEN in reducing PtdIns(4,5)P~2~ levels on endocytic compartments, we found that these two forms of PTEN partially colocalized with Rab7 and the recycling endosome marker Rab11 ([Fig. 3, A and B](#fig3){ref-type="fig"}; and Fig. S3, A and B). In addition, PTEN constructs partially colocalized with the LysoTracker probe that marks acidic organelles such as late endosomes and lysosomes ([@bib30]; [Fig. 3 C](#fig3){ref-type="fig"} and Fig. S3 C).

![**PTEN reduces PtdIns(4,5)P2 levels on endosomes. (A--C and G)** Merged channels are shown in the left row, merged channels of the zoom are shown in the middle row, and corresponding black and white (BW) individual channels are shown in the right row. BW individual channels are displayed in Fig. S3, A--D. **(A)** S2 cells expressing mCherry (mCh) or PTEN~PBD-C2~mCh or PTEN~C132S~mCh (red) were immune-stained for Rab7 (A; green). Arrows show colocalization of the indicated proteins on endosomes. **(B)** S2 cells coexpressing mCh or PTEN~PBD-C2~mCh or PTEN~C132S~mCh (red) and GFP-Rab11 (green). Arrows show colocalization of the indicated proteins on endosomes. **(C)** S2 cells expressing mCh or PTEN~PBD-C2~mCh or PTEN~C132S~mCh (red) were incubated with LysoTracker Green (green). Arrows show acidic vesicles where PTEN constructs and LysoTracker colocalize. **(D)** The ratio of Tubby-GFP fluorescence associated with endomembranes to that associated with the plasma membrane (dots represent the ratio for a single cell; bars represent mean and SD). Green dots represent single cell without Tubby-GFP internal vesicles; red dots represent single cell with Tubby-GFP internal vesicles. P values were calculated using a Mann--Whitney *U* test. Pooled data, *n* = 3, total number of cells \>160. **(E)** Tubby-GFP cells were treated (right) or not (left) with PTEN dsRNA. **(F)** Percentage of cells with Tubby-GFP internal vesicles in control and PTEN-depleted cells as depicted in D. P values were calculated using one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. *n* = 3, total number of cells \>160. **(G)** Tubby-GFP (green) cells were treated with PTEN dsRNA and were incubated with LysoTracker Deep Red (red). Arrows show acidic vesicles positive for the PtdIns(4,5)P~2~ biosensor Tubby-GFP. White bars, 10 µm; colored bars, 5 µm. \*, P \< 0.05; \*\*\*, P \< 0.001.](JCB_201805155_Fig3){#fig3}

We then depleted PTEN to test whether this protein controlled PtdIns(4,5)P~2~ levels on endomembranes. In contrast to PTEN~PBD-C2~ overexpression ([Fig. 2 E](#fig2){ref-type="fig"}), PTEN depletion increased the PtdIns(4,5)P~2~ homeostasis ratio ([Fig. 3 D](#fig3){ref-type="fig"}), suggesting an increase of PtdIns(4,5)P~2~ on endomembranes. Accordingly, we observed, upon PTEN depletion, an increase in the number of cells with cytoplasmic vesicles marked by the PtdIns(4,5)P~2~ biosensor, Tubby-GFP ([Fig. 3, D and E](#fig3){ref-type="fig"}). We then asked if these PtdIns(4,5)P~2~-rich vesicles were endocytic compartments. For this, we incubated PTEN dsRNA Tubby-GFP cells with the LysoTracker probe, and we found a partial colocalization of the PtdIns(4,5)P~2~ biosensor with LysoTracker ([Fig. 3 F](#fig3){ref-type="fig"} and Fig. S3 D). Altogether, these results bring to light a new function of PTEN in controlling PtdIns(4,5)P~2~ levels on endosomes.

A PLC activity is required downstream of PTEN to rescue dOCRL depletion {#s06}
-----------------------------------------------------------------------

Since PTEN~C132S~ and PTEN~PBD-C2~ do not have any enzymatic activity, we reasoned that to control PtdIns(4,5)P~2~ levels on endosomes, PTEN requires another enzyme that can directly act upon PtdIns(4,5)P~2~ ([Fig. 1 A](#fig1){ref-type="fig"}). Some of the most efficient enzymes that hydrolyze PtdIns(4,5)P~2~ are enzymes of the PLC family. PLCs hydrolyze the phosphodiester bond between the phosphorylated inositol ring of PtdIns(4,5)P~2~ and the diacylglycerol backbone ([@bib24]). To test whether PTEN rescues dOCRL depletion through the enzymatic activity of a PLC, we expressed PTEN~C132S~ or PTEN~PBD-C2~ while inhibiting PLC enzymes using U-73122, a cell-permeable pan-PLC inhibitor ([@bib41]). This inhibitor did not cause cytokinetic defects by itself, but it prevented both PTEN constructs from rescuing cytokinesis defects caused by dOCRL depletion ([Fig. 4, A and B](#fig4){ref-type="fig"}). This demonstrates that PTEN requires a downstream PLC activity in order to rescue dOCRL depletion.

![**A PLC is required downstream of PTEN to rescue dOCRL depletion. (A)** Control cells (left row) or dOCRL dsRNA-treated S2 cells (two right rows) were transfected by the PTEN~C132S-~GFP (middle row) or PTEN~PBD-C2~ (left row) after 4 d of dsRNA treatment. Cells were concomitantly treated by 40 µm of the PLC inhibitor U-73122. Cells were labeled for F-actin (red) and DNA (blue) after 2 d of expression of the indicated constructs. Asterisks show multinucleated cells. **(B)** Percentage of multinucleated S2 cells following the different indicated treatments; blue dots show individual independent experiment with ≥300 cells/experiment (bars represent mean and SD). Multinucleation levels of control and dOCRL-depleted cells was shown in [Fig. 1 B](#fig1){ref-type="fig"}. P values were calculated using one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. Bars, 10 µm. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001. ns, not significant.](JCB_201805155_Fig4){#fig4}

dPLCXD acts downstream of PTEN to rescue dOCRL depletion {#s07}
--------------------------------------------------------

To identify which *Drosophila* PLC acted downstream of PTEN, we codepleted five different PLC enzymes together with dOCRL in S2 cells and quantified multinucleation after PTEN~PBD-C2~ expression. The individual depletion of each PLC did not cause cytokinesis defects in control cells (Fig. S4 A). Among the five PLCs tested, we found that only the depletion of CG14945 prevented PTEN~PBD-C2~ from rescuing the cytokinetic defects triggered by dOCRL depletion ([Fig. 5 A](#fig5){ref-type="fig"} and Fig. S4 B). We named this enzyme dPLCXD, as it is the *Drosophila* orthologue of three human PLCXD ([@bib21]; [Fig. 5, B and C](#fig5){ref-type="fig"}). To confirm that dPLCXD can rescue dOCRL loss, we expressed dPLCXD in dOCRL-depleted cells. We found that, like its human orthologues PLCXD-1 and PLCXD-3 ([@bib21]), dPLCXD localized to endomembranes and not to the plasma membrane ([Fig. 5 D](#fig5){ref-type="fig"}). We also found that as observed with PTEN, overexpression of dPLCXD is sufficient to rescue multinucleation in dOCRL-depleted cells ([Fig. 5 E](#fig5){ref-type="fig"}). The enzymatic domain of PLCXDs contains two catalytic histidine residues critical for their enzymatic activity that are conserved from bacteria to humans ([Fig. 5 C](#fig5){ref-type="fig"}; [@bib22]; [@bib19]; [@bib21]). To test if the phospholipase activity of dPLCXD was necessary to rescue dOCRL depletion, we constructed an enzymatic dead mutant, dPLCXD(HL)2, by mutating these conserved catalytic histidines (219 and 277 in dPLCXD) into leucines ([Fig. 5 C](#fig5){ref-type="fig"}). In control cells, dPLCXD(HL)2 overexpression did not modify the rate of multinucleation (Fig. S4 C). However, while still localized on endomembranes, dPLCXD(HL)2 could not prevent multinucleation when expressed in dOCRL-depleted cells ([Fig. 5, D and E](#fig5){ref-type="fig"}). This demonstrates that dPLCXD prevents cytokinesis failure via its enzymatic activity.

![**dPLCXD acts downstream of PTEN to rescue dOCRL depletion. (A)** Percentage of multinucleated S2 cells following the different indicated treatments; blue dots show individual independent experiment with ≥300 cells/experiment (bars represent mean and SD). P values were calculated using one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. ns, not significant. **(B)** Evolutionary tree of PLCXDs from *Drosophila melanogaster*, *Bacillus cereus*, and *Homo sapiens.* **(C)** Top: Domain structure of dPLCXD with the identified "Catalytic domain of PtdIns-specific PLC-like phosphodiesterases superfamily" (PI-PLCc_GDPD_SF superfamily, light blue), the X domain (blue), and the two catalytic histidines (orange). Middle: Conservation of the two catalytic histidines (orange) among dPLCXDs. The last row shows mutations of the two catalytic histidines. NCBI conserved domain search site was used to confirm the two catalytic histidine site of dPLCXD. **(D)** S2 cells were treated (two bottom rows) or not (two upper rows) with dOCRL dsRNA and transfected with V5-tagged dPLCXD (left) or mutated V5 tagged dPLCXD (HL)2 (right). Cells were then labeled for F-actin (red) and DNA (blue); PLCXD constructs are shown in green. Asterisks show multinucleated cells. **(E)** Percentage of multinucleated S2 cells following the different indicated treatments; blue dots show individual independent experiment with ≥300 cells/experiment (bars represent mean and SD). P values were calculated using one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. Bars, 10 µm. \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001. ns, not significant.](JCB_201805155_Fig5){#fig5}

dPLCXD controls PtdIns(4,5)P~2~ levels on endosomes {#s08}
---------------------------------------------------

To further understand the role of dPLCXD in the control of PtdIns(4,5)P~2~ homeostasis, we first determined the identity of the endomembranes to which dPLCXD localizes ([Fig. 5 D](#fig5){ref-type="fig"}). We found that dPLCXD associated with late and recycling endosomes, as marked by Rab7 and Rab11, respectively ([Fig. 6, A and B](#fig6){ref-type="fig"}; and Fig. S3, E and F). To assess whether, as seen for PTEN, dPLCXD regulated PtdIns(4,5)P~2~ levels on endosomes of control cells, we depleted this phospholipase and investigated the distribution of PtdIns(4,5)P~2~ using the biosensor Tubby-GFP. In accord with a new PTEN/dPLCXD pathway regulating PtdIns(4,5)P~2~ levels on endosomes, dPLCXD-depleted cells showed an increase of the PtdIns(4,5)P~2~ homeostasis ratio together with a higher number of cells with cytoplasmic vesicles marked by the PtdIns(4,5)P~2~ biosensor, Tubby-GFP ([Fig. 6, C and D](#fig6){ref-type="fig"}). Furthermore, we found that many of the PtdIns(4,5)P~2~ vesicles were positive for the marker of late endosomes and lysosomes LysoTraker ([Fig. 6 F](#fig6){ref-type="fig"} and Fig. S3 G). Altogether, these results identify a new function of dPLCXD in controlling PtdIns(4,5)P~2~ on endosomes.

![**dPLCXD reduces PtdIns(4,5)P2 levels on endosomes. (A, B, and F)** Merged channels are shown in the left row, merged channels of the zoom are shown in the middle row, and corresponding BW individual channels are shown in the right row. BW individual channels are displayed in Fig. S3, E--G. **(A)** S2 cells expressing dPLCXD-V5 were immunostained for V5 (red) and Rab7 (green). Arrows show colocalization of the indicated proteins on endosomes. **(B)** S2 cells coexpressing dPLCXD-V5 and GFP-Rab11 (green) were immunostained for V5 (red). Arrows show colocalization of the indicated proteins on endosomes. **(C)** The ratio of Tubby-GFP fluorescence associated with endomembranes to that associated with the plasma membrane (dots represent the ratio for a single cell, bars represent mean and SD). Green dots represent single cell without Tubby-GFP internal vesicles; red dots represent single cells with Tubby-GFP internal vesicles. P values (Mann--Whitney test) were calculated using a two-tailed, unpaired, and nonparametric Mann--Whitney test. Pooled data, *n* = 3, total number of cells \>240. **(D)** Tubby-GFP cells were treated (right) or not (left) with dPLCXD dsRNA. **(E)** Percentage of cells with Tubby-GFP internal vesicles in control and dPLCXD-depleted cells as depicted in C. P values were calculated using unpaired and parametric ordinary one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. *n* = 3. **(F)** Tubby-GFP (green) cells were treated with dPLCXD dsRNA and were incubated with LysoTracker Deep Red (red). Arrows show acidic vesicles positive for the PtdIns(4,5)P~2~ biosensor Tubby-GFP. White bars, 10 µm; colored bars, 5 µm. \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001.](JCB_201805155_Fig6){#fig6}

PTEN acts through dPLCXD to rescue dOCRL depletion {#s09}
--------------------------------------------------

Having shown that both PTEN and dPLCXD regulate PtdIns(4,5)P~2~ on endosomes and can rescue dOCRL depletion, we then aimed to understand how they functionally interact. We first assessed the colocalization of PTEN and dPLCXD and found that PTEN~PBD-C2~ or PTEN~C132S~ partially colocalizes with dPLCXD on cytoplasmic vesicles of S2 cells ([Fig. 7 A](#fig7){ref-type="fig"} and Fig. S3 H). We then tested whether PTEN and dPLCXD physically associate within cells. After coexpression of PTEN~PBD-C2~ and dPLCXD with various tags, we did not observe any interaction of these proteins by conventional coimmunoprecipitation or by GFP-trap (data not shown). This suggests that while they colocalize, PTEN and dPLCXD do not physically interact, or that their interaction is too weak or transient to be detected by these methods.

![**PTEN acts through dPLCXD to rescue dOCRL depletion. (A)** S2 cells coexpressing mCh or PTEN~PBD-C2~mCh or PTEN~C132S~mCh (red) and dPLCXD-V5, were immunostained for V5 (green). Arrows show vesicles where both indicated proteins localize. Merged channels are shown in the left row, merged channels of the zoom are shown in the middle row, and corresponding BW individual channels are shown in the right row. BW individual channels are displayed in Fig. S3 H. **(B)** Percentage of multinucleated S2 cells following the different indicated treatments; blue dots show individual independent experiments with ≥200 cells/experiment (bars represent mean and SD). P values were calculated using unpaired and parametric ordinary one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. ns, not significant. **(C)** PTEN-depleted S2 cells (two left rows) and dOCRL-depleted cells (two right rows) were transfected with V5 tagged dPLCXD (green). Cells were then labeled for F-actin (red) and DNA (blue). Asterisks show multinucleated cells. **(D)** The ratio of dPLCXD-V5 fluorescence associated with endomembranes to that associated with the plasma membrane. P values were calculated using Kruskal--Wallis test and Dunn's mulitiple comparisons test. Dots represent the ratio for a single cell, bars represent mean and SD. Pooled data, *n* = 3, total number of cells \>140. White bars, 10 µm; colored bars, 5 µm. \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001. ns, not significant.](JCB_201805155_Fig7){#fig7}

We then tested whether PTEN is necessary for dPLCXD to rescue dOCRL loss. Upon PTEN depletion, expression of dPLCXD was no longer sufficient to rescue multinucleation of dOCRL-depleted cells ([Fig. 7 B](#fig7){ref-type="fig"}). This shows that dPLCXD requires PTEN upstream in order to prevent the consequences of dOCRL depletion. PTEN could act via dPLCXD by controlling its endosomal recruitment, or by activating its phospholipase function. However, in dOCRL-depleted cells, with or without PTEN, we found that dPLCXD still localizes on endomembranes ([Fig. 7 C](#fig7){ref-type="fig"}) and that its levels of distribution were not affected by PTEN depletion ([Fig. 7 D](#fig7){ref-type="fig"}). Thus we favor that PTEN acts through dPLCXD by activating its phospholipase function.

Chemical activation of PLC prevents defects caused by dOCRL depletion {#s10}
---------------------------------------------------------------------

We demonstrated that dPLCXD catalytic activity was necessary to rescue the phenotypes caused by dOCRL depletion ([Fig. 5, D and E](#fig5){ref-type="fig"}). We thus hypothesized that we could compensate for dOCRL loss by chemically activating the enzymatic function of PLCs. We tested this hypothesis by comparing the action of *m*-3M3FBS, a chemical activator of every PLC, with that of its inactive stereoisomer *o*-3M3FBS ([@bib1]). We found that treatment of dOCRL-depleted S2 cells with the PLC activator *m*-3M3FBS restored the PtdIns(4,5)P~2~ homeostasis ratio to that similar to control cells ([Fig. 8, A and B](#fig8){ref-type="fig"}). In addition, we found that while *m*-3M3FBS did not perturb cytokinesis in control cells, it reduced the rate of multinucleated cells in dOCRL-depleted cells ([Fig. 8, C and D](#fig8){ref-type="fig"}). In contrast, treatment with the inactive analogue, *o*-3M3FBS, gave only a moderate effect on the PtdIns(4,5)P~2~ homeostasis ratio and multinucleation in dOCRL-depleted cells, possibly due to residual activity of this analogue on *Drosophila* PLCs ([Fig. 8, A--D](#fig8){ref-type="fig"}).

![**Chemical activation of PLCs prevents dOCRL depletion in *Drosophila*, dependently of dPLCXD. (A)** The ratio of Tubby-GFP fluorescence associated with endomembranes to that associated with the plasma membrane (dots represent the ratio for a single cell, bars represent mean and SD). P values were calculated using unpaired and nonparametric Kruskal--Wallis test and Dunn's mulitiple comparisons test (pooled data, *n* = 3, total number of cells \>190). ns, not significant. **(B)** Tubby-GFP control cells (upper panel) or Tubby-GFP dOCRL dsRNA-treated S2 cells (three bottom panels) were treated for 24 h with the PLC activator m-3M3FBS or its inactive analogue o-3M3FBS, both at 25 µM. **(C)** Control cells (upper panel) or dOCRL dsRNA-treated S2 cells (three bottom panels) were treated for 24 h with the PLC activator m-3M3FBS or its inactive analogue o-3M3FBS, both at 25 µM. Cells were labeled for F-actin (red) and DNA (blue). **(D--F)** Percentage of multinucleated S2 cells following the indicated treatments; blue dots show individual independent experiments with ≥300 cells/experiment (bars represent mean and SD). P values were calculated using unpaired and parametric ordinary one-way ANOVA, Tukey's multiple comparisons test with a single pooled variance. Bars, 10 µm. \*, P \< 0.05; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001. ns, not significant.](JCB_201805155_Fig8){#fig8}

We then found that in S2 cells, the chemical activator of PLCs rescues dOCRL depletion by specifically activating dPLCXD. When dPLCXD was codepleted together with dOCRL, *m*-3M3FBS could no longer rescue the multinucleation caused by dOCRL depletion ([Fig. 8 E](#fig8){ref-type="fig"}). Thus, since *m*-3M3FBS directly stimulates PLC activity in vitro ([@bib1]), we asked if PTEN was still required when dPLCXD is chemically activated. In the absence of PTEN, *m*-3M3FBS was able to reduce the rate of multinucleation upon dOCRL depletion ([Fig. 8 F](#fig8){ref-type="fig"}). This demonstrates that PTEN stimulation of dPLCXD can be bypassed by the direct chemical activation of dPLCXD phospholipase activity. In line with what we proposed in the previous paragraph, this further suggests that PTEN activates dPLCXD phospholipase function ([Fig. 9](#fig9){ref-type="fig"}).

![**Model for regulation of PtdIns(4,5)P~2~ homeostasis on endosomes.** In *Drosophila*, PTEN, independently of its enzymatic activity, requires PLCXD to hydrolyze PtdIns(4,5)P~2~. This pathway can be chemically activated by *m*-3M3FBS to rescue OCRL loss independently of PTEN but dependently of dPLCXD.](JCB_201805155_Fig9){#fig9}

Chemical activation of PLC prevents defects observed in different models of Lowe syndrome {#s11}
-----------------------------------------------------------------------------------------

We then tested whether activation of PLCs by *m*-3M3FBS could be used for correcting the defects associated with OCRL1 inactivation in other models for Lowe syndrome. We first analyzed the consequences of *m*-3M3FBS treatment in human Lowe syndrome cell models. We previously reported that cytokinetic abscission is delayed both upon depletion of OCRL1 by RNAi in HeLa cells, and in renal epithelial cells of a Lowe patient harboring an inactive version of OCRL1 ([@bib13]). Importantly, the abscission delay observed in Lowe patient cells was fully corrected by treatment with *m*-3M3FBS, but not by inactive *o*-3M3FBS ([Fig. 10, A and B](#fig10){ref-type="fig"}). However, *m*-3M3FBS did not change the timing of abscission in normal cells (renal cells collected from a healthy donor). We confirmed these results in HeLa cells treated with control and OCRL siRNAs (Fig. S5, A and B).

![**Chemical activation of PLC rescues OCRL phenotypes in Lowe syndrome patient cells and a zebrafish Lowe syndrome model. (A)** Normal renal epithelial cells from a donor not mutated in OCRL and renal epithelial cells from a Lowe syndrome patient were treated with the PLC activator m-3M3FBS or its inactive analogue o-3M3FBS. Cell divisions were recorded by time-lapse microscopy. The curves represent the distribution of the abscission times in the indicated cell populations. **(B)** Mean abscission times were measured on time-lapse videos in the normal and Lowe renal epithelial cells treated with the PLC activator m-3M3FBS or its inactive analogue o-3M3FBS. ns, not significant. **(C)** Confocal images of pronephric tubules (indicated by a dashed line) in WT and Ocrl^−/−^ zebrafish mutant embryos. The indicated embryos were injected with Alexa Fluor 488--10-kD dextran (green) and treated with the PLC activator m-3M3FBS or its inactive analogue o-3M3FBS. P values were calculated using paired and parametric Student's *t* test, *n* = 3. **(D)** Pronephric accumulation in the indicated embryos was monitored by fluorescence microscopy. P values were calculated using a Pearson's χ^2^ test. Bars, 10 µm. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001.](JCB_201805155_Fig10){#fig10}

Finally, to test whether activation of PLCs can rescue phenotypes induced by depletion of OCRL1 in an in vivo context, we used a previously established zebrafish model for Lowe syndrome ([@bib38]). This model, which is deficient in OCRL1, has a renal tubular endocytosis defect that can be attributed to excessive accumulation of PtdIns(4,5)P~2~ ([@bib34]). To determine if activation of PLCs can rescue the endocytic defect in Lowe syndrome zebrafish, we treated embryos with either *m*-3M3FBS or the inactive analogue *o*-3M3FBS and monitored accumulation of injected endocytic tracer in the renal tubule as assessed by fluorescence microscopy ([Fig. 10 C](#fig10){ref-type="fig"}). Remarkably, *m*-3M3FBS treatment had no effect on renal uptake in WT embryos, but efficiently rescued endocytosis in the renal tubule of OCRL1 mutant embryos ([Fig. 10 D](#fig10){ref-type="fig"}). The inactive analogue had no effect in either zebrafish strain. These results indicate that chemical activation of PLCs can rescue loss of OCRL1 function in an in vivo context, namely the renal tubule, one of the major tissues affected in Lowe syndrome patients.

Discussion {#s12}
==========

In this study, we discovered a new signaling pathway by which PTEN controls levels of PtdIns(4,5)P~2~ on endosomes, which is dependent on the phospholipase activity of dPLCXD. We demonstrated that overexpression of members of this new PTEN/dPLCXD signaling pathway can rescue dOCRL depletion in *Drosophila* cells. Finally, we identified a new potential therapeutic strategy that can alleviate the consequences of OCRL1 loss: We showed that treatment with *m*-3M3FBS, a small molecule that activates PLCs, rescues OCRL1 functional loss in three different in cellulo and in vivo models of Lowe syndrome.

A new PTEN/dPLCXD signaling pathway controls PtdIns(4,5)P~2~ levels on endosomes {#s13}
--------------------------------------------------------------------------------

Only recently, a few studies have investigated the role of PTEN on endomembranes. PTEN was shown to associate with endosomes, and to dephosphorylate Rab7 to modulate endosome maturation and EGF receptor trafficking ([@bib40]). Our findings confirm that in *Drosophila*, PTEN localizes on endosomes. In addition, we shed light on a novel role for PTEN in controlling endosomal PtdIns(4,5)P~2~ levels, as shown by the increase of PtdIns(4,5)P~2~ on these structures when PTEN is depleted.

We also found that this new function of PTEN requires the phospholipase activity of dPLCXD. While typical PLC enzymes harbor a catalytic domain composed of a separate X- and Y-box, members of the PLCXD family contain only the X-box ([@bib21]). Yet the three human PLCXD paralogs promote hydrolysis of PtdIns in cells ([@bib21]). Like its human orthologues PLCXD-1 and PLCXD-3 ([@bib21]), dPLCXD also localizes to endomembranes, which we identify here as endosomes. Since dPLCXD is not associated with the plasma membrane, the PTEN/dPLCXD pathway must be at play only on endosomes. There is little information on the cellular roles of PLCXDs. Hence, we have discovered the first function for a member of this family by establishing that dPLCXD controls PtdIns(4,5)P~2~ levels on endosomes.

We have established this new role for PTEN after the surprising discovery that overexpression of this tumor suppressor restores normal PtdIns(4,5)P~2~ homeostasis, and downstream cytokinesis defects, in dOCRL-depleted cells. By combining studies in WT and in dOCRL-depleted cells, we have obtained a set of experimental evidence to define this novel PTEN/dPLCXD signaling pathway. We found that (1) PTEN and dPLCXD partially colocalize on endomembranes ([Fig. 7 A](#fig7){ref-type="fig"} and Fig. S3 H); (2) PTEN or dPLCXD depletion both promote enrichment of PtdIns(4,5)P~2~ on endosomes ([Fig. 3, D--G](#fig3){ref-type="fig"}; and [Fig. 6, C--F](#fig6){ref-type="fig"}); (3) dPLCXD acts downstream of PTEN ([Fig. 5 A](#fig5){ref-type="fig"}); (4) dPLCXD catalytic activity is necessary to rescue cytokinesis defects in dOCRL-depleted cells ([Fig. 5, D and E](#fig5){ref-type="fig"}); (5) dPLCXD requires an upstream action of PTEN to rescue dOCRL depletion ([Fig. 7 B](#fig7){ref-type="fig"}); (6) PTEN is not necessary for dPLCXD endomembrane localization ([Fig. 7, C and D](#fig7){ref-type="fig"}); and (7) dPLCXD activation by *m*-3M3FBS bypasses the requirement for PTEN to rescue dOCRL depletion ([Fig. 8 F](#fig8){ref-type="fig"}). Altogether, these results lead us to propose a model whereby PTEN regulates dPLCXD activation to control PtdIns(4,5)P~2~ levels on endosomes ([Fig. 9](#fig9){ref-type="fig"}). Since *m*-3M3FBS also rescues OCRL1 loss in both human cells and zebrafish embryos, it suggests that the role of PLCXD phospholipases on endosomal PtdIns(4,5)P~2~ is conserved across species.

The precise molecular mechanism that allows PTEN to stimulate dPLCXD activation remains to be identified. We did not detect any physical interaction by coimmunoprecipitation between the proteins, suggesting that any interaction is too weak or transient to be detected by this method, or that other proteins transmit the signal from PTEN to dPLCXD. Interestingly, we showed that a minimal chimera composed of the PTEN~PBD-C2~ reduces PtdIns(4,5)P~2~ levels on endomembranes in dOCLR-depleted cells. While the tumor suppressor role of PTEN is mainly attributed to its PtdIns(3,4,5)P~3~ phosphatase activity, some studies have shown that PTEN can also function independently of its catalytic activity ([@bib42]). For instance, PTEN was shown to regulate cell migration independently of its phosphatase activity ([@bib37]), through its C2 domain. Here, we show that the PTEN~PBD-C2~ are necessary and sufficient to restore PtdIns(4,5)P~2~ homeostasis in dOCRL-depleted cells. The PBD domain of PTEN is known to bind to PtdIns(4,5)P~2~. C2 domains are found in \>100 proteins and are known to mediate membrane binding through phospholipid interaction ([@bib12]). In addition, they have also been shown to directly bind to phosphotyrosine motifs, as for the C2 domain of the serine/threonine protein kinase C delta ([@bib5]), or to mediate protein--protein interaction, as for the C2 domain of synaptotagmins that is responsible for its interaction with syntaxins ([@bib27]). Therefore, identification of proteins that specifically interact with the PTEN~PBD-C2~ will provide valuable information to better understand how PTEN controls dPLCXD activation.

Tight control of PtdIns(4,5)P~2~ homeostasis is crucial for several important functions such as cell growth, division, and migration. Here we demonstrate that in addition to dephosphorylating PtdIns(3,4,5)P~3~ into PtdIns(4,5)P~2~, PTEN reduces the levels of PtdIns(4,5)P~2~, its own product, on endosomes. After hydrolysis of PtdIns(4,5)P~2~ by PLCs, two second messengers are produced. They both activate several other signaling pathways: inositol 1,4,5-trisphosphate promotes release of calcium from the endoplasmic reticulum, and diacylglycerol activates protein kinase C. Therefore, a better understanding of this novel PTEN/dPLCXD pathway will certainly have several important repercussions on how we envision the role of PTEN as a tumor suppressor.

PLC activation can rescue the consequences of dOCRL depletion {#s14}
-------------------------------------------------------------

We showed that overexpression of PTEN or dPLCXD is able to rescue the loss of dOCRL in *Drosophila* cells. However, an important question is why endogenous levels of PTEN and PLCXD do not compensate for dOCRL depletion in *Drosophila* cells, or indeed in Lowe syndrome or Dent-2 patients. This could be explained by a difference of abundance and/or subcellular localization of PTEN and PLCXD versus OCRL1. For instance, PTEN and PLCXD could both be expressed but at an insufficient level to be able to fully rescue OCRL1 loss. However, it is important to notice that, to rescue multinucleation of dOCRL-depleted cells, the PLC activator requires endogenous dPLCXD ([Fig. 8 E](#fig8){ref-type="fig"}). This shows that at its endogenous level, dPLCXD can compensate for dOCRL function when it is chemically activated. Thus, another possibility is that the level of enzymatic activity of PLCXD phosphatases is tightly regulated, possibly by PTEN. Interestingly, Dent-2 disease and Lowe syndrome are both caused by loss of OCRL1 activity. However, people suffering from Dent-2 disease present a milder phenotype than patients affected by Lowe syndrome ([@bib7]). This suggests that other differences may affect the ability to compensate for loss of OCRL1 in individuals suffering from Dent-2 disease or Lowe syndrome. The milder phenotype in Dent-2 disease may thus arise from different levels of activation of members of the PLCXD family. A clinical study comparing the relative amounts, localization, and potential mutations of PTEN and PLCXDs in tissues affected by the Lowe syndrome versus Dent-2 disease will allow a better understanding of these rare genetic diseases.

Lowe syndrome and Dent-2 disease are incurable rare genetic syndromes, and all medical efforts are limited to treating their multiple clinical manifestations. In *Drosophila* cells, depletion of the PtdIns4P-kinase Skittles, together with dOCRL, totally rescues the cytokinetic defects observed upon dOCRL depletion alone. As already proposed by others ([@bib46]), PtdIns4P 5-kinase--specific inhibitors could represent a therapeutic strategy to treat Lowe syndrome and Dent-2 disease patients. We discover here that chemical activation of PLCs can rescue depletion of OCRL1 in several disease models. The PLC chemical activator used in our study has already been used in a mouse model without signs of toxicity ([@bib25]). Thus, chemical activation of PLCs by *m*-3M3FBS could also represent a new therapeutic strategy to treat Lowe syndrome and Dent-2 disease patients.

Materials and methods {#s15}
=====================

DNA constructs {#s16}
--------------

PTEN-GFP, SKTL-GFP, and GFP-Rab11 were previously described in [@bib39] and [@bib3].

PTEN~C132S~-mCherry, PTEN~C132S~-GFP, and PTEN domain mutants were obtained by inverse PCR using high-fidelity Phusion polymerase (New England Biolabs) with the following primers: PTEN~C132S~ forward 5′-TAA​AGC​TGG​AAA​GCG​CAG​AAC​CGG​TAC​CAT​GAT​CTG​CG-3′; PTEN~C132S~ reverse 5′-GAG​TGC​ACG​GCT​ACA​ACA​TTG​GAC​GAA​TCT​TCC-3′; PTEN-ΔPBD forward 5′-TAC​AAA​GAA​AAA​GGA​TAC​GAT​TTG​G-3′; PTEN-ΔPBD reverse 5′-CAT​GTT​GCT​GCA​GAA​TTC​CAC​CAC​ACT​GG-3′; PTEN-Δphosphatase forward 5′-TCT​GTT​CCA​TAT​TCG​AAA​GTA​AGC​C-3′; PTEN-Δphosphatase reverse 5′-TCT​TCG​TAT​ACG​TTT​TTT​ACT​CAC​TAC​ATT​GC-3′; PTEN-ΔC2 forward 5′-TCT​AAT​TTT​AGC​AAT​GAT​GTT​CAA​GCT​GAA​GCG-3′; PTEN-ΔC2 reverse 5′-TCT​ACT​TGA​ACA​AAC​TAG​TTT​GG-3′; PTEN-ΔCTerm forward 5′-TCT​CCG​CGG​GCC​CGG​GAT​CCA​CCG​GTC​GCC​ACC-3′; PTEN-ΔCTerm reverse 5′-TCT​CTC​TGC​CTC​AAA​AAC​GAT​TGA​AAT​C-3′.

dPLCXD cDNA (CG14945--UniProt-Q9VKC3_DROME) was synthetized by Life Technologies and cloned under an actin promoter. It was fused with the V5 tag "GKPIPNPLLGLDST" in the C-terminal position with a linker "APV."

dPLCXD (HL)2 mutant was obtained after two successive inverse PCRs using high-fidelity Phusion polymerase (New England Biolabs) on dPLCXD-V5 with the following primers: dPLCXD-H219L forward 5′-TTG​ACT​CCG​GCT​CCT​ATC​GTC​CCA​ACT​TCG​ATC​CG-3′; dPLCXD-H219L reverse 5′-GGG​TGC​CTG​GTA​TGA​AAA​GAT​CTC​TCA​GAC​G-3′; dPLCXD-H277L forward 5′-TCG​GGA​TTA​CAA​AAC​AAC​GTC​CGC​TGC​AGG-3′; dPLCXD-H277L reverse 5′-GAT​AGA​TGA​AAA​ACG​GAT​CGG​GTG​AGT​TTC​G-3′.

S2 cell culture, dsRNA treatment, transfection, and drug treatment {#s17}
------------------------------------------------------------------

*Drosophila* S2 cells were grown at 27°C in Schneider's *Drosophila* medium (21720001; GIBCO) complemented with 10% FBS (12483020; Invitrogen) and 5% penicillin-streptomycin (15070063; GIBCO). For dsRNA knockdown, dsRNA was produced using the T7 RiboMax express large-scale RNA production system (P1320; Promega). dsRNAs were amplified from plasmid or genomic DNA using the following primers: PTEN reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GAC​AAG​GTT​TTC​AGT​CTA​TCT​GG-3′; PTEN forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GAT​ATC​CAG​CAC​CGG​ATA​AAC​TA-3′; dOCRL reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GAA​TCG​CGT​AGA​TAT​CCG​GCG​GC-3′; dOCRL forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GAA​AGG​ACA​TTG​TCA​AGG​AGC​GC-3′; CG14945 forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GGA​GAT​TAT​CAT​ATT​TGG​ACT​CAA​GG-3′; CG14945 reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​GCT​CTG​GGG​TCA​GCT​CCG​CCA​TAT​CGG-3′; CG10747 forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGC​GCA​ACA​GTT​AAA​CGA​ACC​C-3′; CG10747 reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGT​GAT​TAT​CGA​CAG​GTC​ACG​C-3′; CCG3620 forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​AAA​ACT​GAA​GCC​TTG​GAA​AAA-3′; CG3620 reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGC​GAG​TAT​GGG​AAA​TTC​TCG​G-3′; CG4200 forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGT​TGT​GCG​TGA​GAT​TGA​TTC​AG-3′; CG4200 reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGA​TGC​CCA​TTA​AAT​TGA​TGC​C-3′; CG4574 forward 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGG​CCT​GCC​GGG​AGT​ACA​CTT-3′; CG4574 reverse 5′-TAA​TAC​GAC​TCA​CTA​TAG​GGG​CAG​CTG​GTG​CAT​AAC​CTC​T-3′.

For functional experiments, cells were cultured in 24- or 96-well plates (Greiner Bio-One) for 6 d. Cells were treated with 3.5 µg dsRNA at day 0 and at day 3. 2 d before fixation, cells were transfected with the indicated cDNA using Fugene HD (E2311; Promega).

For PLC inhibition experiments, cells were treated with 40 µM of U-73122, 24 h before fixation (662035; Calbiochem). For PLC activation experiments, cells were treated with 25 µM DMSO-diluted *m*-3M3FBS (1941; Tocris) or its inactive analogue *o*-3M3FBS (1942; Tocris) 24 h before fixation.

Quantification of multinucleation {#s18}
---------------------------------

For quantification of multinucleation, cells were fixed using paraformaldehyde 4% (Alfa Aesar) for 20 min. Coverslips were then washed using TBS. Cells were permeabilized and blocked for ≥1 h in TBS containing 0.02% saponin and 2% BSA (TBS-saponin-BSA). F-actin was stained using 1/100 Texas red-X Phalloidin (T7471; Invitrogen) or 1/50 Alexa Fluor 647 Phalloidin (A22287; Invitrogen). dPLCXD-V5 was revealed by immunostaining using a monoclonal anti-V5 antibody (1/1,000; R960-25; Invitrogen) and a goat Alexa Fluor 488--conjugated secondary antibody anti-mouse (1/400; A11017; Invitrogen). Coverslips were mounted using Vectashield with Dapi (Vector Laboratories). To assess multinucleation, ≥300 cells (*n* \> 300) were counted manually per condition per N individual experiment unless otherwise specified.

Representative images were treated using SoftWorx software (GE Healthcare), ImageJ software (National Institutes of Health), and Photoshop (Adobe).

Quantification of PtdIns(4,5)P~2~ homeostasis ratio {#s19}
---------------------------------------------------

PtdIns(4,5)P~2~ homeostasis ratio was determined by quantitative microscopy using a previously characterized S2 cell line that stably expresses low levels of Tubby-GFP, a specific biosensor of PtdIns(4,5)P~2~ ([@bib3]).

After treatment, Tubby-GFP S2 cells were fixed using paraformaldehyde 4% (Alfa Aesar) and permeabilized and blocked for ≥1 h in TBS-saponin-BSA. A rabbit anti-GFP antibody (A6455; Invitrogen) and a secondary Alexa Fluor 488--conjugated antibody (A11070; Invitrogen) were used to stain GFP. Coverslips were mounted using Vectashield with Dapi (Vector Laboratories).

Images were acquired using a DeltaVision elite microscope (GE Healthcare) with a 60× planApo Olympus objective and a CoolSnap HQ2 camera (Photometrics) or a Nikon A1R confocal microscope with 60×/1.4 Plan-Apochromat VC differential interference contrast (DIC) N2 objective or 100×/1.4 Plan-Apochromat DIC N2 objective.

We quantified the proportion of Tubby-GFP on endomembranes over the plasma membrane, referred as the PtdIns(4,5)P~2~ homeostasis ratio ([@bib43]; [@bib3]), using ImageJ software. Tubby-GFP intensity was measured at the plasma membrane and inside the cell of each individual cell, and their background was measured and subtracted. Cells positive for Tubby-GFP vesicles were determined manually.

Representative images were treated using SoftWorx software, ImageJ software, and Photoshop.

Colocalization immunofluorescence {#s20}
---------------------------------

*Drosophila* S2 cells were plated on Concanavalin A (0.5 μg/μl; C2010; Sigma-Aldrich)--coated coverslips for 3 h. Then cells were fixed using paraformaldehyde 4% (Alfa Aesar) for 20 min and washed using TBS. Cells were permeabilized and blocked for ≥1 h in TBS containing 0.02% saponin and 2% BSA (TBS-saponin-BSA). Cells were incubated with primary antibody diluted in TBS-saponin-BSA overnight at RT, washed three times in TBS-saponin-BSA, and incubated with secondary antibodies diluted in TBS-saponin-BSA for 1 h at RT. Cells were washed two times in TBS-saponin-BSA and a last time in TBS before being mounted in Vectashield medium with DAPI (Vector Laboratories). Images were taken using a Zeiss confocal microscope LSM880 with non-linear optics with a 63×/1.4 Plan-Apochromat, DIC objective. Images were treated using ZEN lite software (Zeiss), ImageJ software, and Photoshop.

Immunostaining was performed using a mouse anti-Rab7 antibody (1/200; DSHB), a monoclonal anti-V5 (1/1,000; R960-25; Invitrogen) or a rabbit anti-V5 (1/500; Ab9116; Abcam), a goat Alexa Fluor 488--conjugated secondary anti-mouse antibody (1/400; A11017; Invitrogen), and a goat Texas red--conjugated secondary anti-mouse antibody (1/200; T862; Invitrogen).

Live cell imaging with LysoTracker {#s21}
----------------------------------

*Drosophila* S2 cells were plated for 3 h in 96-well plates (Sensoplate microplate; Greiner Bio-One) previously coated with Concanavalin A (0.5 μg/μl; C2010; Sigma-Aldrich). Then cells were incubated for 1 h with LysoTracker Deep Red (L12492; Invitrogen) or LysoTracker Green DND-26 (L7526; Invitrogen) at 75 nM. LysoTracker was washed with fresh medium, and images were taken with a confocal microscope LSM880 with non-linear optics using a 63×/1.4 Plan-Apochromat, DIC objective. Images were treated using ZEN lite software, ImageJ software, and Photoshop.

Abscission assays in human cells {#s22}
--------------------------------

The Lowe patient and normal renal cell lines have been established and characterized previously ([@bib13]), after informed consent was obtained from the patient and his parents, in accordance with French law. Briefly, Lowe patient renal cell lines harboring the mutation G421E have been immortalized with SV40 T antigen. This mutation abolishes the 5′ phosphatase activity of OCRL. Control cells from non-Lowe syndrome patients were obtained in parallel. Lowe cells and control cells were grown in DMEM/F12 (GIBCO) supplemented with 10% FBS, insulin, transferrin, selenium, 4 pg/ml triiodothyronine, 36 ng/ml dexamethasone, 10 ng/ml EGF, 100 U/ml penicillin/streptomycin, and 2 mM glutamine at 33°C. HeLa cells were grown in DMEM (GIBCO) supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, and 2 mM glutamine. For silencing experiments, HeLa cells were transfected with the corresponding siRNA once using HiPerFect (Qiagen) following the manufacturer's instructions. siRNAs were transfected for 72 h before imaging. For time-lapse phase-contrast microscopy, transfected cells were plated on 35-mm glass dishes (Iwaki) and put in an open chamber (Life Imaging) equilibrated in 5% CO~2~ and maintained at 37°C. Time-lapse sequences were recorded at 10 min for 60 h on a Nikon Eclipse Ti Inverted Microscope with a 20 × 0.45 NA plan fluor ELWD objective lens controlled by Metamorph 6.1 software (Universal Imaging). This microscope was equipped with a cooled charge-coupled device camera (HQ2; Ropper Scientific). *m*-3M3FBS (1941; Tocris) or its inactive analogue, *o*-3M3FBS (1942; Tocris), diluted in DMSO, were added at 25 µM during time-lapse recording.

Zebrafish strains and husbandry {#s23}
-------------------------------

Zebrafish were maintained in standard conditions ([@bib47]) at the University of Manchester Biological Services Unit according to the UK Animals Act 1986. The ocrl^−/−^ mutant line (ZDB-GENO-120531--1) has been described previously ([@bib38]). WT fish were of AB background.

Lysine-fixable 10-kD dextran labeled with Alexa Fluor 488 (Molecular Probes) was prepared in PBS at 2 µg/µl final concentration. Zebrafish embryos at 72 h after fertilization were treated for 60 min with DMSO control (0.005% DMSO), 5 µM *m*-3m3fbs, or 5 µM *o*-3m3fbs by addition to the water. Embryos were then anesthetized with 0.2 mg/ml MS222 (Sigma-Aldrich) in chorion water, and tracer was injected into the common cardinal vein using a glass micropipette PLI-90 Pico-Injector (Harvard Apparatus). Embryos were returned to the respective drug treatments and incubated at 29°C. Pronephric accumulation was assessed 2 h after injection on whole mount embryos using a fluorescent dissecting stereomicroscope (MZ10F; Leica).

Statistical analysis {#s24}
--------------------

Results are expressed as average ± SD as indicated in the figure legends. Statistical significance between various conditions was assessed by determining P values (95% confidence interval) using GraphPad Prism software (Prism Software). Different tests were performed as indicated in the figure legends: parametric and unpaired ordinary one-way ANOVA (three or more experimental groups); nonparametric and unpaired Mann--Whitney test (two experimental groups); nonparametric and unpaired Kruskal--Wallis test (three or more experimental groups); parametric and paired Student's *t* test (two experimental groups); and Pearson's χ^2^ test. For values of percentage and mean, parametric tests were used because their distributions across samples were assumed to be normal, but this was not formally tested.

Online supplemental material {#s25}
----------------------------

Fig. S1 shows that a balance of Skittles and dOCRL activities regulates PtdIns(4,5)P~2~ on endomembranes and cytokinesis outcome. Fig. S2 shows that the PTEN~PBD-C2~ are necessary to rescue dOCRL depletion. Fig. S3 shows that PTEN, dPLCXD, and the PtdIns(4,5)P2 biosensor Tubby-GFP colocalize with endosome markers. Fig. S4 shows that depletion of PLCs other than dPLCXD does not affect PTEN rescue of dOCRL depletion. Fig. S5 shows that chemical activation of PLC rescues delayed abscission in HeLa cells treated with OCRL RNAi.
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